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Abstract
Three benthic megafaunal species (i.e. sablefish Anoplopoma fimbria; pacific hagfish Epta-
tretus stoutii and a group of juvenile crabs) were tested for diel behavioral patterns at the
methane hydrates site of Barkley Canyon (890 m depth), off Vancouver Island (BC, Can-
ada). Fluctuations of animal counts in linear video-transects conducted with the Internet
Operated Deep-Sea Crawler “Wally” in June, July and December of 2013, were used as
proxy of population activity rhythms. Count time series and environmental parameters were
analyzed under the hypothesis that the environmental conditioning of activity rhythms
depends on the life habits of particular species (i.e. movement type and trophic level). Non-
linear least squares modeling of biological time series revealed significant diel periods for
sablefish in summer and for hagfish and crabs in December. Combined cross-correlation
and redundancy (RDA) analyses showed strong relationships among environmental fluctu-
ations and detected megafauna. In particular, sablefish presence during summer months
was related to flow magnitude, while the activity of pacific hagfish and juvenile crabs in
December correlated with change in chemical parameters (i.e. chlorophyll and oxygen con-
centrations, respectively). Waveform analyses of animal counts and environmental vari-
ables confirmed the phase delay during the 24 h cycle. The timing of detection of sablefish
occurred under low flow velocities, a possible behavioral adaptation to the general hypoxic
conditions. The proposed effect of chlorophyll concentrations on hagfish counts highlights
the potential role of phytodetritus as an alternative food source for this opportunistic feeder.
The juvenile crabs seemed to display a cryptic behavior, possibly to avoid predation, though
this was suppressed when oxygen levels were at a minimum. Our results highlight the
potential advantages such mobile observation platforms offer in multiparametric deep-sea
monitoring in terms of both spatial and temporal resolution and add to the vastly understud-
ied field of diel rhythms of deep-sea megafauna.
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1. Introduction
The study of gas hydrates systems has gained progressive attention in both the geochemical
and biological research fields, with the systems clearly showing the lack of homogeneity in the
deep sea [1]. The potential exploitation of the hydrocarbon sources available at these sites gen-
erated further interest from an economic point of view, in relation to the quantity and quality
of utilizable material, as well as their potential impact on the structural stability of the seabed
[2–3]. Cold-seeps are considered biodiversity hotspots capable of sustaining a greater biomass
than comparable areas of adjacent continental slopes, due to their high spatio-temporal habitat
heterogeneity [4–6]. These systems may provide the principal energy pathways through bacte-
rial chemosynthetic production [7–9]. Gas seepage, their characterizing element, can be
affected by periodic bottom currents at scales of few hours (i.e. of semi-diurnal nature; [3]).
Within this context, the importance of high-frequency, long-term and multidisciplinary eco-
logical monitoring of such environments is evident.
Nowadays, the rapid technological advances in seabed exploration and monitoring tech-
niques allow scientists have access to real-time biological and environmental data from various
marine sites within the world ocean [10–13]. As described in [3, 14], an Internet Operated
Deep-SeaCrawler (Wally) has been deployed at the gas hydrates site in Barkley Canyon (NE
Pacific, Canada) and in operation since September of 2010, as a part of the NEPTUNE Canada
Cabled Observatorynetwork (www.oceannetworks.ca). The uniqueness of this monitoring
platform lies in the combination of mobility with the high-frequency acquisition of multipara-
metric data throughout long-term deployment, whilst remaining in communication with land-
based researchers 24/7 via the Internet. Until now all these features could be found distributed
among the previously existingmobile and fixed benthic technologies (i.e. ROVs, AUVs, and
landers versus cabled observatorynodes), rather than on one mobile platform.
Remote, high-frequency and long-lasting image monitoring of the continental margin and
abyssal communities is nowadays increasingly required in order to linkmeasurable biodiversity
to species turnover as a product of activity rhythms [15–17]. Animal activity patterns may
come as a response to a persistent temporal structure within an environment (i.e. geophysical
cycles in light intensity and internal tides), resulting in 4 behaviorally different phenotypes, as
identified in laboratory controlled conditions: diurnal, nocturnal, crepuscular and arrhythmic
animal behaviors [18–21]. Species use time as an ecological resource while they are competing
with others of a partially overlapping habitat niche, forming the dynamics of predator-prey
relationships and finally in behavioral adaptations that come as a response to their own physio-
logical limitations [22–24]. In benthic communities, the “zeitgeber” (the environmental cue
forcing animals to keep their internal clock synchronized) can be either sunlight or periodic
hydrodynamism (e.g. current velocity and direction, internal tides) [25–27]. Intraspecific plas-
ticity of activity patterns is often observed [28], as local variability of the aforementioned vari-
ables may lead to distinct populations facing different conditions. On continental margins,
animal response to such triggers is commonly expressed as diel displacement, either vertically,
horizontally or in and out of the substrate (i.e. pelagicmigrations, nektobenthic or endobenthic
movements) [15]. Apart from regulating the dynamics of benthic communities, verticalmigra-
tions (benthopelagic coupling) can affect the redistribution of nutrients and organic matter in
the ocean [29–30]. Additionally, periodical change in local abundances of benthic species can
affect their detection in a certain space and time, leading to potential bias in traditional scien-
tific sampling by trawling and affecting commercial fishing activities [31–32].
In this study, crawler imaging and environmental data were used to identify any diel pat-
terns within the visual counts of the most abundant megabenthos at the Barkley Canyon gas
hydrates site, and whether they exhibited a relationship with concomitant environmental
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forcing. We hypothesized that the activity of megafauna with different ecological traits in rela-
tion to motility and trophic level, is modulated by different environmental variables.
2. Material and Methods
2.1 Study Site and Data Acquisition
The study was conducted at the gas hydrates site of NEPTUNE Cabled Observatorynetwork
(www.oceannetworks.ca), located on a small (1 Km2) plateau in Barkley Canyon (Fig 1; 48° 18’
46” N, 126° 03’ 57” W), at approx. 890 m depth. Authorization for conducting research was
provided by the Transport Canada (www.tc.gc.ca/), after Fisheries and Oceans Canada (http://
www.dfo-mpo.gc.ca/) assessed that the cable installation would not have a negative impact on
fish habitat.
Oceanographic conditions in Barkley Canyon at these depths are known to differ between
seasons, with distinct water flow, temperature and chlorophyll flux patterns previously
reported for summer and winter months [3, 14, 33]. Following [33], the annual cycle was
divided into two main seasons (summer and winter). The months analyzed in this current
study are June, July and December of 2013, since they were deemed as a sampling period repre-
sentative of the oceanographic conditions and community structure of the location and also
provided material that matched the study’s criteria (see Section 2.2).
Fig 1. Map of the study site. The position of the gas hydrates site in Barkley Canyon, off Vancouver Island, and
the path followed by Wally when the linear transects were performed (i.e. between waypoints 16–10). Canyon map
modified from [34]. Transect representation modified from [14].
doi:10.1371/journal.pone.0163808.g001
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Linear, constant back and forth imaging census transects of 20 m length (i.e. betweenway-
points 16 and 10; Fig 1) were carried out withWally every 4 hours during 5 days, in the first
week of each calendar month. All transects were video-recordedwith a Panasonic web camera
(BB-HCM580; 720 x 480 pixel) mounted in a glass globe designed to resist high pressure levels
up to 6000 m depth [14]. Driving and recording were stopped by the researcher operating the
crawler every time a sediment resuspension event was impeding visibility (i.e.< 70% of the
Region of Interest visible). All video footage is archived and can be viewed online in the Ocean
Networks Canada database (dmas.uvic.ca/).
Water flow and temperature were measured with an ADCP 2 MHz (Nortek Aquadopp Pro-
filer AQD 9917) fixed on the crawler. Oxygen concentration measurements were taken using a
Sea-Bird SBE 63 Dissolved Oxygen Sensor (Device Code 630109) deployed at the hydrates site.
Density data were provided by the CTD Sea-Bird SeaCAT SBE16plus V2 7027 deployed at the
POD4 site (mid-canyon east, at 896 m depth). Finally, the sensor used to measure chlorophyll
levels was an ECO-FL-NTU (RT) 2973 (WET Laboratories), deployed also at POD4.
2.2 Data processing
Visual count variations can be considered as a direct proxy of populational behavioral rhythms,
with animal rate of displacement controlling their chance to be spotted in the camera’s field of
view during each sampling window [26–27, 35].
Stationary observations of the seafloor and video sequences with low visibility were dis-
carded and the remaining video duration was further used. Pictured animals were classified to
the lowest possible taxonomic level following [36] and then counted. Since there was no infor-
mation available on the exact surface covered in each transect, animal counts data were
summed for each pair of transects (i.e. back and forth betweenwaypoints) and then normalized
to number of individuals per 10 min. This normalization was based on the assumption that the
differences in surface covered during the video transects were minimal and the underlying
error was constant, leading to no effect on the final outcome. As a result, the biological time
series consisted of a total of 92 observations taken at a 4 h frequency, each of these being the
normalized sum of 2 transects. In total, over 21 h of footage were considered to be of acceptable
quality for the faunal analysis.
For the statistical analyses, species time series containing 0 (zero) counts in more than 1/3
of the observationswere discarded from further analyses to prevent misleading results, as it
would be extremely hard to detect periodicitieswith statistical significance and low bias in
short, zero-inflated time series [15]. As a result, the three most abundant and regularly spotted
species that were subsequently studied were the sablefishAnoplopoma fimbria (can also be
found by the name black cod) in June and July, the pacific hagfish Eptatretus stoutii in Decem-
ber and a group of juvenile crabs in the same month, which the authors believe are grooved
tanner crabs, Chionoecetes tanneri (Fig 2). The small size of specimens and the regularly turbid
conditions at the site did not permit a 100% precise identification, so hereafter they will be
referred to as a juvenile functional group and treated as such. A complete species list, along
with a table containing the abundances of all the observed species is provided in [37].
Environmental data were downloaded from the Ocean Networks Canada database (dmas.
uvic.ca/) and averaged into 1 h bins for high resolution and flexibility in data treatment. This
step was performedwith MATLAB R2014b [38]. Current velocity data that were initially pro-
vided in the form of 2 components-vectors (North-South and East-West) were transformed
to flowmagnitude and flow direction with the use of the package “circular” [39] of the R statis-
tical language [40]. These two variables were later treated with the R package “plotrix” [41] to
construct polar plots, which allowed the visual assessment of water flow variability. All
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environmental data were subsequently averaged by 4 h using the R package “zoo” [42] and
used in cross-correlations and RDA analyses with visual count time series (see Section 2.4).
Hourly environmental data are provided in S1 Table. Visual counts and environmental data at
4 h frequency are provided in S2 Table.
2.3 Periodogram analysis and modeling
We carried out an implemented periodogramanalysis in order to match the peculiar features
of the crawler’s video-censusing frequency and duration. To tackle this methodological chal-
lenge, we customized a statistical approach based on non-linear least squares models. Accord-
ingly, faunal data were plotted against time (i.e. normalized abundances as recorded every 4 h)
and non-linear (sinusoidal) curveswere fitted to each time series with R statistical language
[40], as a commonly accepted alternative to traditional time series analyses for the detection of
biological rhythms [43]. In this way, the best approximations of the underlying periods in
visual counts were obtained. All models follow Eq 1.1, with a linear ascending trend added in
Fig 2. Photos of the studied species. The three species studied, as recorded by Wally in transects at the
hydrates site; a) A. fimbria b) E. stoutii and c) juvenile crab. The same scale bar applies to all 3 plates.
doi:10.1371/journal.pone.0163808.g002
Megafaunal Activity Patterns at a Cold-Seep Monitored with a Deep-Sea Crawler
PLOS ONE | DOI:10.1371/journal.pone.0163808 October 12, 2016 5 / 18
the case of sablefish (Eq 1.2).
a1 cosð2pt=a4Þ þ a2 sinð2pt=a4Þ þ a3 ð1:1Þ
a1 cosð2pt=a4Þ þ a2 sinð2pt=a4Þ þ a3 þ a5t ð1:2Þ
Where t is an integer [1:n] representing a time step of 4 h and a4 is the corresponding period.
We screened for significant periodicities in oceanographic parameters, which were later
coupled to the visual counts of the different megafaunal species and used as a proxy of environ-
mental modulation on animal behavior. Lomb-Scargle periodogramanalyses were applied on
hourly datasets using the “lomb” R package [44]. In output plots, the periodicity is indicated as
the peak of this statistic’s power that crossed the significant threshold set for α = 0.05.
2.4 Cross-correlations and RDAs
Cross-correlation analyses were performed in R statistical language [40] between biological
and environmental (i.e. normalized abundances as recorded every 4 h and 4 h averages respec-
tively) time series, in order to reveal the significant (α = 0.05) response of animals to the fluctu-
ations of oceanographic parameters. As this is not a two-way process (i.e. animal abundances
do not affect the oceanographic parameters tested), negative lags are not presented. The power
of the statistic is presented at normalized scale (i.e. from -1 to 1). Since cross-correlations were
used as a complementary method to interpret periodicity in megafaunal abundances, oceano-
graphic parameters that did not display periodic signal were not tested.
Furthermore, the overall effects of environmental parameters on animal abundances were
tested with RedundancyAnalysis (RDA) performed in the “vegan” R package [45], for each of
the three months studied. Based on the results of the cross-correlations (see 3.2), the biological
data input for the RDAs was lagged for 12 h. Environmental data were centered and scaled (i.e.
use of z-scores of the 4 h averages as, input instead of raw values) prior to analyses. The output
is presented as biplots, an advanced version of scatterplots that depicts ordination (here
expressed as Euclidean distance) of both observations and variables.
2.5 Waveforms
The 4 h sampling frequency for biological data allowed the creation of 6 bins per day, with
each bin containing the averaged corresponding value across the 5 sampled days of each
month. The obtained waveform curves for each species were plotted together with a horizon-
tal threshold line, the Midline Estimated Statistic Of Rhythm (MESOR; see [46]). Values
above this line represented the peak, hence describing the temporal amplitude of biological
data. The MESOR was computed by re-averaging all curve values. Waveform curves were
also calculated for the hourly environmental data and added onto the output plots when a
significant correlation between the abundance of a species and an environmental variable
was indicated.
3. Results
3.1 Assessment of periodicities
The sinusoidal models of biological data (Fig 3) revealed significant diel periodicities in the
number of animal counts, close to the 24 h period. The periods varied from 21.62 h for the
sablefish in June, to 25 h for juvenile crabs in December. The shortest periodicity could be a
product of the scattered sampling frequency (i.e. 4 h) and of the reduced length of the time
series, and should be interpreted together with the results of the cross-correlation analysis (see
Megafaunal Activity Patterns at a Cold-Seep Monitored with a Deep-Sea Crawler
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below). A graphic representation of the model residuals (i.e. plots of residuals vs fitted values
and histograms of residuals) is provided in S1 Fig.
The periodogramanalysis output for hourly environmental data (Fig 4) showed the pres-
ence of significant rhythmicity in flowmagnitude and the concentrations of chlorophyll and
oxygen. In all 4 cases the dominant periodwas of diel character (i.e. P = 24.79 h, 25.63 h, 24.60
h and finally, 24.12 h for plates a) to d) respectively), with shorter periods also present in flow
data, indicating distinct tidal signals.
Fig 3. Non-linear least squares models of biological time series. Sinusoidal curves (red) fitted to the animal counts series and their
corresponded equations with calculated coefficients; a) and b) A. fimbria in June and July respectively, c) E. stoutii in December and finally,
d) juvenile crabs in December. Black points represent animal abundances for each pair of transects (i.e. back and forth, 4 h frequency).
Note the difference of scale among species in the number of counts, as well as the ascending trend in sablefish counts (see Section 4.1).
doi:10.1371/journal.pone.0163808.g003
Fig 4. Periodograms of environmental parameters. Lomb-Scargle periodograms for: a) and b) flow magnitude in June and July
respectively, c) chlorophyll concentration in December and finally, d) oxygen concentration in December. The horizontal dashed lines
indicate significance for α = 0.05. The p values correspond to the peak in each periodogram (i.e. red, vertical dashed lines).
doi:10.1371/journal.pone.0163808.g004
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3.2 Response to environmental fluctuations
Significant correlations between biological and 4 h averaged environmental time series are pre-
sented in Fig 5. In the first three cases, sablefish and hagfish responded positively to environ-
mental variations (i.e. power of ~0.6 against flowmagnitude and chlorophyll concentration,
respectively) after 12 h for a level of significanceα = 0.05, while juvenile crabs had a similar
response (i.e. power ~0.4 to changes in oxygen concentration) for α = 0.1.
The RDA biplots (Fig 6) between environmental parameters at t and biological data at t +
12 h provided a general view of the lagged effect of environmental variations on the species
studied. Regarding the species that displayed periodicities in their abundances, sablefish num-
bers appeared to be strongly related to flowmagnitude. In a more detailed view, this species
scores were higher for the RDA1 axis than for the RDA2 axis (i.e. 1.56 vs ~0 in June and 1.31 vs
-0.53 in July). In both months, the stronger vector on the RDA1 was flowmagnitude (i.e. scores
0.77 in June and 0.73 in July). On the other hand, the pacific hagfish and juvenile crab abun-
dances in Decemberwere influenced by chlorophyll and oxygen concentrations, respectively.
In this month, the hagfish score was higher for the RDA1 axis than for the RDA2 axis (i.e.
-1.51 vs 0.23), while the opposite was observed for the crabs (i.e. 0.46 vs 0.76). The dominant
vectors in each axis were chlorophyll for RDA1 (i.e. score -0.75) and oxygen for RDA2 (i.e.
score 0.53). For detailed RDA scores for species and environmental parameters see S3 Table.
As displayed visually in the output of waveform analysis (Fig 7), sablefish counts during the
summer months peaked (i.e. mean values above the MESOR) right before midday, at a time of
low currents. In contrast, hagfish were more abundant at crepuscular hours (dawn), following
a peak of chlorophyll during the night. Finally, juvenile crab abundance reached a maximum in
the early night hours, when oxygen concentrations were close to their minimum. The peaks in
the waveforms of these two species come with a phase difference of 12 h over the same study
period (i.e. hagfish and crabs in December of 2013). The waveform curves for visual count time
series presented high standard deviation at their respective peak points. Nevertheless, the curve
shape remains the same when the waveforms are calculated excluding the maximum values for
each time bin (not shown), which reduces the possibility of biased/misleading results.
Fig 5. Cross-correlations between animal counts and environmental parameters. Analyses used to assess the presence of temporal
lag in the response of animal behavior to environmental fluctuations; a) and b) A. fimbria and flow magnitude in June and July respectively,
c) E. stoutii and chlorophyll concentration in December and finally, d) juvenile crabs and oxygen concentration in December. “Cross-
Correlation Function, (CCF)” is the measure of the power of the statistic. The dashed blue lines represent a CCF significance for α = 0.05
(critical values: ±1.96/pn = approx. ±0.36 in a, and ±0.35 in b, c and d, where n is the sample size). The dashed red lines represent a CCF
significance for α = 0.1 (accordingly, critical values: ±1.65/pn = approx. ±0.3 in all four plates).
doi:10.1371/journal.pone.0163808.g005
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Table 1 gives a summary of the characteristics of species rhythmic activity and the environ-
mental parameters which correlate with their abundances and life habits (i.e. swimming in the
water column for sablefish and close relationship to the seabed for hagfish and juvenile crabs).
4. Discussion
The major objective of the current study was to test for the presence of diel patterns in visual
counts of the most abundant and regularly recorded species in video transects performedwith
Wally at the methane hydrates site of Barkley Canyon. We established a relationship between
Fig 6. Redundancy Analysis (RDA) of the hydrates benthic community. RDA biplots for each one of the three months of the study period; a)
June, b) July and c) December. The direction and length of the blue vectors depicting environmental variables represent positive or negative
correlation with the ordination and proportionality of correlation respectively. Their biplot scores are depicted on the blue axes (normalized range -1
to 1). The scores for sites and species are weighted for scaling reasons and depicted on the black axes.
doi:10.1371/journal.pone.0163808.g006
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animal activity rhythms and the environmental parameters that could substitute light intensity
as the main “zeitgeber” at such depths, according to different species ecological habits. In the
aphotic deep-sea, diel rhythms are a product of cycles mainly triggered by oceanographic pro-
cesses, varying locally and regionally. As a result, our knowledge on such patterns remains lim-
ited, and generalizations should be treated cautiously. Anyway, present results fall within the
expected scenarios on the expression of diel activity at such depths, with animals entering and
leaving the field of view as they move on a daily basis in the water column or on the seafloor
[15, 17, 28].
All targeted species showed a similar, near 24 h periodicity (see Table 1), as indicated
directly by the least squares models calculated (see Fig 3) and indirectly by the cross-correla-
tions (see Fig 5) between sablefish and flowmagnitude, hagfish and chlorophyll and finally,
juvenile crabs and oxygen concentrations respectively, also showing diel fluctuations (see Fig
4). The combined outcome of these analyses revealed a 12 h lagged response of the animals to
such environmental parameters, depending on their ecology. Species inhabiting the benthic
boundary layer with different locomotion strategies can react differently to changes in hydro-
dynamic conditions, with animals in closer relation to the seafloor being less susceptible to
flow variations than swimmers [26, 47]. Accordingly, sablefish swimmers previously reported
performing nektobenthic movements within the canyon (see Section 4.1), were highly affected
by diel variation of flowmagnitude. On the other hand, the two species that are more closely
associated to the seabed (i.e. the endobenthic burrower hagfish and the epibenthic crabs; see
Sections 4.2 and 4.3 respectively) were less affected by currents but responded primarily to diel
changes in the concentrations of chlorophyll and oxygen. This was also confirmed by the RDA
analyses (see Fig 6), where flowmagnitude and chlorophyll and oxygen concentrations were
the variables most closely associated with the respective sablefish, hagfish and crab abundances
after a 12 h lag. Since no reverse flow conditions or major stochastic events occurred during the
study period (see S2 Fig), our results should be considered an accurate representation of the
community under normal oceanographic conditions.
4.1 Activity rhythms of sablefish
Sablefish activity in both summer months was connected to flowmagnitude, with a peak right
before midday (i.e. 11:00 local time PST; see Fig 7). This coincidedwith a time of low flow,
which reached maximum velocity at night. A similar pattern was found at a nearby site [27],
with most individuals recorded during times of low currents, as previously reported for the
Fig 7. Waveform analyses of concomitant biological and environmental data. Waveforms of animal counts (black, 4 h
sampling frequency) as the average (±sd) of the 5 days sampling period and of environmental parameters (red, hourly); a) and b)
A. fimbria in June and July respectively, c) E. stoutii in December and finally, d) juvenile crabs in December. Note the difference in
scale among different species. The dashed horizontal lines correspond to the MESOR. Shaded parts represent the approximate
night duration at the time of the study. X axis values correspond to local time (PST).
doi:10.1371/journal.pone.0163808.g007
Table 1. Species life habits (i.e. SW for swimmer, WL for walker, NKB for nektobenthic, ENB for endobenthic and EPB for epibenthic) in relation
to their mode of displacement, the summary of their periodic activity (i.e. D for diurnal, C for crepuscular and N for nocturnal) and the most impor-
tant environmental variables that regulate it.
Species Period—Coefficient a4 p value Phase Movement Type Env. Variable
A. fimbria 21.62 <0.001 D SW—NKB Flow magnitude
23.53 <0.001 D Flow magnitude
E. stoutii 25.24 <0.001 C SW—ENB Chlorophyll
Crabs 25 <0.001 N WL—EPB Oxygen
doi:10.1371/journal.pone.0163808.t001
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ecologically similar Atlantic codGadus morhua [48]. Periodic changes of the current regime in
deep-sea environments can be detected by fish via their sensitive, well-developed lateral line
systems, enabling them to keep their activity patterns synchronized [25]. Another study at sim-
ilar depths in Barkley canyon reported the relationship between sablefish activity and tidal phe-
nomena, this time expressed as water density [35]. In accordance, we believe that the ascending
trend in sablefish counts in June and July of 2013 is a reflection of a lower frequency tidal signal
(i.e. lunar tides), since the 5 days sampling periods for both months were entirely integrated in
the spring tide phase (i.e. towards newmoon).
Sablefish found at these depths are most commonly adult predators with demersal life habits
[27, 49], in contrast to younger pelagic individuals [50–51]. As active swimmers preying on
smaller benthic fish and invertebrates [50, 52], adult sablefish could be expected to react posi-
tively to increases of current velocity that lead to odor transport [53–54]. Sablefish have charac-
teristically low-affinity hemoglobin, a characteristic which favors their active swimming,
predatory life habits, but may result in reduced oxygen uptake within hypoxic waters [55].
Oxygen consumption in fish is directly related to the metabolic cost of locomotion [56], and
the timing of sablefish activity within the hypoxic waters of Barkley Canyon during low flow
conditions could be interpreted as a compromising strategy between search for prey and energy
saving due to physiological limitations.
A diel displacement of the sablefish population within Barkley Canyon has been proposed,
possibly in search of prey or to avoid predation by pelagic mammals, based on the phase differ-
ence between peaks in counts recorded from different fixed cameras [27]. Peaks in fish detec-
tion at consecutive temporal frames for nearby sampling sites can be used as an indication of
populational movement [16, 57]. Nevertheless, the trajectory of the individuals in our study
could not be followed withWally. Thus, whether sablefish population moves from the hydrates
site further up towards the canyon axis and back, on a daily basis, cannot be determinedwith
100% certainty. Further, coordinated research on that matter with the use of additional means
(e.g. acoustic techniques), is needed to enlighten if the same population or distinct sub-popula-
tions are recorded at Barkley Canyon sites.
4.2 Activity rhythms of hagfish
Hagfish were found to be more associated with chemical variables such as chlorophyll concen-
tration, rather than with flow. Their lifestyle is predominantly endobenthic, with animals
spendingmost of their time resting coiled on the seabed (see Fig 2) or in self-built burrows
[58–59]. Hagfish can opportunistically feed on several trophic levels [60], combining preying
on small invertebrates and scavenging carcasses with the ability to take up dissolved organic
matter via their skin [61–62]. While a high percentage of the organic matter within their diet
can also originate from chemoautotrophs, many individuals’ isotopic signatures correspond to
macroalgal sources (Eptatretus sp.; [60, 63–65]). No predation or scavenging activity was
observed in the video recordings analyzed in this study. The robot did not film the nearby
hydrate mound, where chemosynthetic bacteria formed white mats with seasonally varying
surface coverage [3, 14], that may supply resuspended food to the surrounding environment.
Chlorophyll rich organic matter settling to the seafloor could provide an additional food source
and regulate the animal burrow emergence and activity rhythms on and above it.
Regarding their phase during the day-night cycle, hagfish have been reported as mainly noc-
turnal species both in laboratory conditions and in situ at various depths, from shallow waters
down to depths of 300 m [32, 59, 66]. In contrast with these findings, two chronobiological
studies conducted recently at Barkley Canyon reported arrhythmic activity for the hagfish [27,
35]. In our results, hagfish emergedmainly at crepuscular hours, at dawn, in a display of
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intraspecific plasticity of activity patterns [28]. Visual counts for hagfish in this study are
higher than in the aforementioned studies, if the sampling period duration is taken into
account, thus facilitating the detection of behavioral patterns. Hagfish are relatively sedentary
animals [67] and the mobile nature of Wally enables the coverage of a greater area, providing a
methodological advantage over fixed platforms. Although the underdeveloped eyes of species
of the family Myxinidae can detect photoperiodic changes [68]), this inconsistency of Barkley
Canyon case studies allows us to infer that at these depths environmental signals other than
sunlight, such as the periodic chlorophyll influxes acting as an alternative food source, play an
important role in synchronizing their circadian rhythms.
4.3 Activity rhythms of juvenile crabs
Our results suggest that the temporal pattern of juvenile crabs during the video transects is a
combination of avoiding predation and physiological regulation by oxygen concentration. In
the absence of sablefish from the study site during December of 2013, hagfish emerged as the
major potential predator, known to prey on small benthic invertebrates, along with detritivory
and a more opportunistic scavenging feeding behavior [69–71]. The waveforms of hagfish and
crabs during that time have a semi-diurnal phase difference, inferring a possible avoidance
behavior of the latter towards a potential predator. Minimizing predation risk through syn-
chronization of diel activity is a common strategy in benthic decapod crustaceans [15–16]. In
addition, this group appeared mostly during early night transects, when oxygen concentration
was minimum. Benthic decapods of similar size have been observed to suppress their cryptic
behavior under the effect of sharply induced hypoxia at a scale of hours (i.e. Pilumnus spinifer,
Pisidia longimana; [72–73]), as well as in seasonally hypoxic conditions (Munida quadrispina
small size class; [74]), which could explain their appearance in the field of view duringmini-
mum oxygen levels.
4.4 Methodology remarks
Extracting statistically meaningful results from relatively small faunal sample sizes was the
principal methodological challenge we faced. Curve fitting based on non-linear least squares
methods was used as an efficient alternative to the Lomb-Scargle periodogramanalysis, since
the latter can be sensitive to outliers at reduced sample sizes [75]. In contrast, although the
non-linear least squares model may not provide a perfect fit from time to time (see Fig 3), the
estimated wave period coefficients (i.e. a4) are indeed statistically significant (see Table 1).
The sampling frequency of 4 h was deemed adequate for a chronobiological study, as it com-
plied with the Nyquist criterion for sampling. Indeed, the temporal windows of activity for any
type of rhythm (diurnal, nocturnal, crepuscular) were not missed. Even though fewer samples
were generated in comparison to fixed cabled observatory cameras with higher imaging rate,
greater spatial coverage was achieved due to the mobility of the crawler, resulting in observed
animal abundances comparable to previous studies. Nevertheless, a new generation of crawlers
able to perform autonomous transects will provide even better temporal resolution and bigger
datasets over longer period of time; a further tool to be used to gain a better understanding of
deep-sea environments. The range of the crawler lights (~50 m) and the transect duration
(< 20 min) restricted any possible attraction bias to fast swimming organisms. Sablefish that
entered the field of view should be close enough, and they were not observed following the
crawler during transects. Therefore, we are confident that results were not affected by attrac-
tion or double-counting. On a similar note, linear video-recording transects performed by the
crawler simulate the visual census methods used by divers in shallower waters and can offer a
solution to the ever-increasing need for volunteer citizen scientists [13, 76].
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5. Conclusions
This study highlights the potential of the use of Internet Operated deep-sea Crawlers for gener-
ating high-quality biological and environmental datasets. Diel patterns were detected in the
activity of the sablefishA. fimbria, the pacific hagfish E. stoutii and a group of juvenile crabs.
These patterns were conditioned by different environmental parameters, depending on the
ecology of each species. Flowmagnitude was the variable mostly associated with swimmer
sablefish, with the preference for mild flow conditions being a possible adaptation to the hyp-
oxic waters of Barkley Canyon. On the other hand, the activity of species closely related to the
seafloorwas regulated by chemical properties such as chlorophyll and oxygen levels. Predator
—prey relationships were also indicated in the abundance patterns, with the crabs possibly
avoiding the hagfish and suppressing this avoidance behavior at times of minimum oxygen
concentration.
Supporting Information
S1 Fig. Plots of residuals vs fitted values and histograms of residuals for themodels pre-
sented in Fig 3. The plates correspond to a) and e) A. fimbria in June, b) and f)A. fibria in
July, c) and g) E. stoutii in December and finally, d) and h) juvenile crabs in December.
(TIF)
S2 Fig. Polar plots of flow conditions, depicting the magnitude (in m/s) and direction of water
flow during the study period; a) June, b) July, and c) December. Each vector is an hourly aver-
aged value.
(TIF)
S1 Table. Hourly environmental data corresponding to the study period.
(XLSX)
S2 Table. Visual counts of studied species, together with concomitant environmental data
averaged at 4 h frequency.
(XLSX)
S3 Table. Species and environmental variables scores for each RDA axis, permonth.
(XLSX)
Acknowledgments
This work was conducted within the framework of Ocean Networks Canada and NEPTUNE
Canada. The authors would like to thank Joachim Vogt (Jacobs University Bremen) for his
valuable consulting during the preparation of the manuscript, as well as the shipboard teams
and staff scientists of Ocean Networks Canada and OceanLab Bremen. Steven Mihály and
Akash Sastri fromOcean Networks Canada provided sensor data from POD4 (i.e. CTD and
fluorometer data, respectively).
Author Contributions
Conceptualization:DC JA.
Data curation:CDDC.
Formal analysis:DC.
Funding acquisition: LT.
Megafaunal Activity Patterns at a Cold-Seep Monitored with a Deep-Sea Crawler
PLOS ONE | DOI:10.1371/journal.pone.0163808 October 12, 2016 14 / 18
Investigation: CD.
Methodology:DC JA.
Project administration: LT.
Resources: LT.
Software:DC.
Supervision:LT JA.
Visualization:DC.
Writing – original draft:DC.
Writing – review& editing:CD LT AP JA.
References
1. Jørgensen BB, Boetius A. Feast and famine–microbial life in the deep-sea bed. Nat Rev Micro. 2007;
5: 770–781.
2. Chapman R, Pohlman J, Coffin R, Chanton J, Lapham L. Thermogenic gas hydrates in the northern
Cascadia margin. Eos Trans AGU. 2004; 85; 361–365. doi: 10.1029/2004eo380001
3. Thomsen L, Barnes C, Best M, Chapman R, Pirenne B, Thomson R, et al. Ocean circulation promotes
methane release from gas hydrate outcrops at the NEPTUNE Canada Barkley Canyon node. Geophys
Res Let. 2012; 39: L16605. doi: 10.1029/2012gl052462
4. Sibuet M, Olu K. Biogeography, biodiversity and fluid dependence of deep-sea cold-seep communities
at active and passive margins. Deep-Sea Res II. 1998; 45: 517–567. doi: 10.1016/s0967-0645(97)
00074-x
5. Cordes EE, Cunha MR, Gale´ron J, Mora C, Roy KO-L, Sibuet M, et al. The influence of geological, geo-
chemical, and biogenic habitat heterogeneity on seep biodiversity. Mar Ecol. 2010; 31: 51–65. doi: 10.
1111/j.1439-0485.2009.00334.x
6. Boetius A, Wenzho¨fer F. Seafloor oxygen consumption fuelled by methane from cold seeps. Nat
Geosci. 2013; 6: 725–734. doi: 10.1038/ngeo1926
7. Levin LA, James DW, Martin CM, Rathburn AE, Harris LH, Michener RH. Do methane seeps support
distinct macrofaunal assemblages? Observations on community structure and nutrition from the north-
ern California slope and shelf. Mar Ecol Prog Ser. 2000; 208: 21–39. doi: 10.3354/meps208021
8. Levin LA, Mendoza GF, Gonzalez JP, Thurber AR, Cordes EE. Diversity of bathyal macrofauna on the
northeastern Pacific margin: the influence of methane seeps and oxygen minimum zones. Mar Ecol.
2010; 31: 94–110. doi: 10.1111/j.1439-0485.2009.00335.x
9. Sahling H, Galkin SV, Salyuk A, Greinert J, Foerstel H, Piepenburg D, et al. Depth-related structure
and ecological significance of cold-seep communities–a case study from the Sea of Okhotsk. Deep-
Sea Res I. 2003; 50: 1391–1409. doi: 10.1016/j.dsr.2003.08.004
10. Glover AG, Gooday AJ, Bailey DM, Billett DSM, Chevaldonne´ P, Colac¸o A, et al. Temporal Change in
Deep-Sea Benthic Ecosystems: A Review of the Evidence From Recent Time-Series Studies. Adv
Mar Biol. 2010; 58: 1–95. doi: 10.1016/B978-0-12-381015-1.00001-0 PMID: 20959156
11. Bahamon N, Aguzzi J, Bernardello R, Ahumada-Sempoal MA, Puigdefabregas J, Cateura J, et al. The
new pelagic Operational Observatory of the Catalan Sea (OOCS) for the multisensor coordinated mea-
surement of atmospheric and oceanographic conditions. Sensors. 2011; 11: 11251–11272. doi: 10.
3390/s111211251 PMID: 22247664
12. Ruhl HA, Andre´ M, Beranzoli L, C¸ağatay MN, Colac¸o A, Cannat M, et al. Societal need for improved
understanding of climate change, anthropogenic impacts, and geo-hazard warning drive development
of ocean observatories in European Seas Progr Oceanogr. 2011; 91: 1–33. doi: 10.1016/j.pocean.
2011.05.001
13. Aguzzi J, Doya C, Tecchio S, De Leo FC, Azzurro E, Costa C, et al. Coastal observatories for monitor-
ing of fish behaviour and their responses to environmental changes. Rev Fish Biol Fisheries. 2015; 25:
463–483. doi: 10.1007/s11160-015-9387-9
14. Purser A, Thomsen L, Barnes C, Best M, Chapman R, Hofbauer M, et al. Temporal and spatial benthic
data collection via an internet operated Deep Sea Crawler. Methods in Oceanography. 2013; 5: 1–18.
doi: 10.1016/j.mio.2013.07.001
Megafaunal Activity Patterns at a Cold-Seep Monitored with a Deep-Sea Crawler
PLOS ONE | DOI:10.1371/journal.pone.0163808 October 12, 2016 15 / 18
15. Aguzzi J, Company JB. Chronobiology of deep-water decapod crustaceans on continental margins.
Adv Mar Biol. 2010; 58: 155–225. doi: 10.1016/B978-0-12-381015-1.00003-4 PMID: 20959158
16. Aguzzi J, Company JB, Costa C, Menesatti P, Garcia JA, Bahamon N, et al. Activity rhythms in the
deep-sea: a chronobiological approach. Frontiers in Bioscience. 2011; 16: 131–150. doi: 10.2741/
3680 PMID: 21196163
17. Aguzzi J, Company JB, Costa C, Matabos M, Azzurro E, Mànuel A, et al. Challenges to the assess-
ment of benthic populations and biodiversity as a result of rhythmic behaviour: Video solutions from
cabled observatories. Oceanogr Mar Biol. 2012; 50: 235–286. doi: 10.1201/b12157-6
18. Sbragaglia V, Aguzzi J, Garcı´a JA, Chiesa JJ, Angelini C, Sardà F. Dusk but not dawn burrow emer-
gence rhythms of Nephrops norvegicus (Crustacea: Decapoda). Scientia Marina. 2013; 77: 641–647.
doi: 10.3989/scimar.03902.28c
19. Sbragaglia V, Garcı´a JA, Chiesa JJ, Aguzzi J. Effect of simulated tidal currents on the burrow emer-
gence rhythms of the Norway lobster (Nephrops norvegicus). Mar Biol. 2015; 162: 2007–2016. doi:
10.1007/s00227-015-2726-5
20. Sbragaglia V, Lamanna F, Mat AM, Rottlant G, Joly V, Ketmaier V, et al. Identification, characteriza-
tion, and diel pattern of expression of canonical clock genes in Nephrops norvegicus (Crustacea: Dec-
apoda) eyestalk. PLoS ONE. 2015; 10: e0141893. doi: 10.1371/journal.pone.0141893 PMID:
26524198
21. Bosiger YJ, McCormic MI. Temporal links in daily activity patterns between coral reef predators and
their prey. PLoS ONE. 2014; 9: e111723. doi: 10.1371/journal.pone.0111723 PMID: 25354096
22. Kronfeld-Schor N, Dayan T. Partitioning of time as an ecological resource. Annu Rev Ecol Evol Syst.
2003; 34: 153–181. doi: 10.1146/annurev.ecolsys.34.011802.132435
23. Navarro J, Votier SC, Aguzzi J, Chiesa JJ, Forero MG, Phillips RA. Ecological segregation in space,
time and trophic niche of sympatric planktivorous petrels. PLoS ONE. 2013; 8: e62897. doi: 10.1371/
journal.pone.0062897 PMID: 23646155
24. Aiken CM, Navarrete SA. Coexistence of competitors in marine metacommunities: environmental vari-
ability, edge effects, and the dispersal niche. Ecology. 2014; 95: 2289–2302. doi: 10.1890/13-0472.1
PMID: 25230479
25. Wagner HJ, Kemp K, Mattheus U, Priede IG. Rhythms at the bottom of the deep sea: Cyclic current
flow changes and melatonin patterns in two species of demersal fish. Deep-Sea Res I. 2007; 54:
1944–1956. doi: 10.1016/j.dsr.2007.08.005
26. Aguzzi J, Costa C, Furushima Y, Chiesa JJ, Company JB, Menesatti P, et al. Behavioral rhythms of
hydrocarbon seep fauna in relation to internal tides. Mar Ecol Prog Ser. 2010; 418: 47–56. doi: 10.
3354/meps08835
27. Doya C, Aguzzi J, Pardo M, Matabos M, Company JB, Costa C, et al. Diel behavioral rhythms in sable-
fish (Anoplopoma fimbria) and other benthic species as recorded by the Deep-sea cabled observato-
ries in Barkley canyon (NEPTUNE-Canada). J Mar Syst. 2014; 130: 69–78. doi: 10.1016/j.jmarsys.
2013.04.003
28. Colmenero A, Aguzzi J, Lombarte A, Bozzano A. Sensory constraints in temporal segregation in two
species of anglerfish, Lophius budegassa and L. piscatorius. Mar Ecol Prog Ser. 2010; 416: 255–265.
doi: 10.3354/meps08766
29. Schmidt K, Atkinson A, Steigenberger S, Fielding S, Lindsay MCM, Pond DW, et al. Seabed foraging
by Antarctic krill: Implications for stock assessment, bentho-pelagic coupling, and the vertical transfer
of iron. Limnol Oceanogr. 2011; 56: 1411–1428. doi: 10.4319/lo.2011.56.4.1411
30. Aguzzi J, Sbragaglia V, Tecchio S, Navarro J, Company JB. Rhythmic behaviour of marine benthope-
lagic species and the synchronous dynamics of benthic communities. Deep-Sea Res I. 2015; 95: 1–
11. doi: 10.1016/j.dsr.2014.10.003
31. Bahamon N, Sardà F, Aguzzi J. Fuzzy diel patterns in catchability of deep-water species on the conti-
nental margin. J Mar Sci. 2009; 66: 2211–2218. doi: 10.1093/icesjms/fsp190
32. Hart TD, Clemons JER, Wakefield WW, Heppell SS. Day and night abundance, distribution, and activ-
ity patterns of demersal fishes on Heceta Bank, Oregon. Fish Bull. 2010; 108: 466–477.
33. Juniper SK, Matabos M, Miha´ly S, Ajayamohan RS, Gervais F, Bui AOV. A year in Barkley Canyon: A
time-series observatory study of mid-slope benthos and habitat dynamics using the NEPTUNE Can-
ada network. Deep-Sea Res II. 2013; 92: 114–123. doi: 10.1016/j.dsr2.2013.03.038
34. Lundsten EM, Anderson K, Paull CK, Caress DW, Thomas HJ, Riedel M. Morphology of Neptune
Node Sites, Barkley Canyon, Cascadia Margin. Abstract OS31A-0977 presented at 2014 Fall Meeting,
AGU, San Francisco CA.
Megafaunal Activity Patterns at a Cold-Seep Monitored with a Deep-Sea Crawler
PLOS ONE | DOI:10.1371/journal.pone.0163808 October 12, 2016 16 / 18
35. Matabos M, Bui AOV, Miha´ly S, Aguzzi J, Juniper SK, Ajayamohan RS. High-frequency study of epi-
benthic megafaunal community dynamics in Barkley Canyon: A multi-disciplinary approach using the
NEPTUNE Canada network. J Mar Syst. 2014; 130: 56–68. doi: 10.1016/j.jmarsys.2013.05.002
36. Gervais F, Juniper SK, Matabos M, Spicer A. Marine Life Field Guide, First edition. NEPTUNE-Canada
publications; 2012.
37. Doya C, Chatzievangelou D, Bahamon N, Purser A, De Leo F, Juniper SK, et al. Yearly epibenthic
megafaunal community dynamics at a cold seep (Barkley Canyon) using a tracked Sea Crawler. In
Prep.
38. MATLAB R2014b, The Mathworks Inc, Natick, Massachusetts, USA.
39. Agostinelli C, Lund U. R package ’circular’: Circular Statistics (version 0.4–7). 2013. https://r-forge.r-
project.org/projects/circular/.
40. R Development Core Team. R: A Language and Environment for Statistical Computing. 2008.
41. Lemon J. Plotrix: a package in the red light district of R. R-News. 2006; 6: 8–12.
42. Zeileis A, Grothendieck G. zoo: S3 Infrastructure for Regular and Irregular Time Series. J Stat Soft.
2005; 14: 1–27. doi: 10.18637/jss.v014.i06
43. Refinetti R. Non-stationary time series and the robustness of circadian rhythms. J Theor Biol. 2004;
227: 571–581. doi: 10.1016/j.jtbi.2003.11.032 PMID: 15038991
44. Ruf T. The Lomb-Scargle Periodogram in Biological Rhythm Research: Analysis of Incomplete and
Unequally Spaced Time-Series. Biol Rhythm Res. 1999; 30: 178–201. doi: 10.1076/brhm.30.2.178.
1422
45. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, et al. vegan: Community Ecol-
ogy Package. 2006. https://CRAN.R-project.org/package=vegan.
46. Aguzzi J, Bullock NM, Tosini G. Spontaneous internal desynchronization of locomotor activity and
body temperature rhythms from plasma melatonin rhythm in rats exposed to constant dim light. J Cir-
cad Rhythms. 2006; 4: 6. doi: 10.1186/1740-3391-4-6 PMID: 16594995
47. Drew CA, Eggleston DB. Currents, landscape structure, and recruitment success along a passive-
active dispersal gradient. Landscape Ecology 2006; 21: 917–931. doi: 10.1007/s10980-005-5568-6
48. Løkkeborg S, Bjordal Å, Ferno¨ A. Responses of cod (Gadus morhua) and haddock (Melanogrammus
aeglefinus) to baited hooks in the natural environment. Can J Fish Aquat Sci. 1989; 46: 1478–1483.
doi: 10.1139/f89-189
49. King JR, McFarlane GA, Beamish RJ. Incorporating the dynamics of marine systems into the stock
assessment and management of sablefish. Prog Oceanogr. 2001; 49: 619–639. doi: 10.1016/s0079-
6611(01)00044-1
50. Laidig TE, Adams PB, Samiere WM. Feeding habits of sablefish, Anoplopoma fimbria, off the coast of
Oregon and California. NOAA Tech Rep NMFS. 1997; 130: 65–79.
51. Kimura DK, Shimada AM, Shaw FR. Stock structure and movement of tagged sablefish, Anoplopoma
fimbria, in offshore northeast Pacific waters and the effects of El Niño-Southern Oscillation on migra-
tion and growth. Fishery Bulletin 1998; 96: 462–481.
52. Orlov AM. Ecological characteristics of the feeding of some Pacific predatory fish of South-East Kam-
chatka and northern Kuril Islands. Rus J Aquat Ecol. 1997; 6: 59–74.
53. Løkkeborg S, Olla BL, Pearson WH, Davies MW. Behavioural responses of sablefish, Anoplopoma
fimbria, to bait odour. J Fish Biol. 1995; 46: 142–155. doi: 10.1111/j.1095-8649.1995.tb05953.x
54. Aguzzi J, Jamieson AJ, Fujii T, Sbragaglia V, Costa C, Menesatti P, et al. Shifting behaviour of deep-
sea buccinid gastropods at natural and simulated food falls. Mar Ecol Prog Ser. 2012; 458: 247–253.
doi: 10.3354/meps09758
55. Rummer JL, Roshan-Moniri M, Balfry SK, Brauner CJ. Use it or lose it? Sablefish, Anoplopoma fimbria,
a species representing a fifth teleostean group where the bNHE associated with the red blood cell
adrenergic stress response has been secondarily lost. J Exp Biol. 2010; 213: 1503–1512. doi: 10.
1242/jeb.038844 PMID: 20400635
56. Liao JC. A review of fish swimming mechanics and behaviour in altered flows. Phil Trans R Soc B.
2007; 362: 1973–1993. doi: 10.1098/rstb.2007.2082 PMID: 17472925
57. Bozzano A, Sardà F, Rı´os J. Vertical distribution and feeding patterns of the juvenile European hake,
Merluccius merluccius, in the NW Mediterranean. Fish Res. 2005; 73: 29–36. doi: 10.1016/j.fishres.
2005.01.006
58. Barss WH. Pacific hagfish, Eptatretus stouti, and black hagfish, E. deani: the Oregon fishery and port
sampling observations, 1988–92. Mar Fish Rev. 1993; 55: 19–30.
Megafaunal Activity Patterns at a Cold-Seep Monitored with a Deep-Sea Crawler
PLOS ONE | DOI:10.1371/journal.pone.0163808 October 12, 2016 17 / 18
59. Davies S, Griffiths A, Reimchen TE. Pacific hagfish, Eptatretus stoutii, Spotted ratfish, Hydrolagus col-
liei, and scavenger activity on tethered carrion in subtidal benthic communities off Western Vancouver
Island. Canadian Field-Naturalist 2006; 120: 363:366.
60. McLeod RJ, Wing SR. Hagfish in the New Zealand fjords are supported by chemoautotrophy of forest
carbon. Ecology. 2007; 88: 809–816. doi: 10.1890/06-1342 PMID: 17536697
61. Stephens GC. Dissolved organic matter as a potential source of nutrition for marine organisms. Am
Zoologist. 1968; 8: 95–106. doi: 10.1093/icb/8.1.95
62. Bucking C, Glover CN, Wood CM. Digestion under duress: Nutrient acquisition and metabolism during
hypoxia in the pacific hagfish. Physiol Biochem Zool. 2011; 84: 607–617. doi: 10.1086/662630 PMID:
22030853
63. MacAvoy SE, Carney RS, Fisher CR, Macko SA. Use of chemosynthetic biomass by large, mobile,
benthic predators in the Gulf of Mexico. Mar Ecol Prog Ser. 2002; 225: 65–78. doi: 10.3354/
meps225065
64. MacAvoy SE, Macko SA, Carney RS. Links between chemosynthetic production and mobile predators
on the Louisiana continental slope: Stable carbon isotopes of specific fatty acids. Chem Geol. 2003;
201: 229–237. doi: 10.1016/s0009-2541(03)00204-3
65. MacAvoy SE, Fisher CR, Carney RS, Macko SA. Nutritional associations among fauna at hydrocarbon
seep communities in the Gulf of Mexico. Mar Ecol Prog Ser. 2005; 292: 51–60. doi: 10.3354/
meps292051
66. Cox GK, Sandblom E, Richards JG, Farrell AP. Anoxic survival of the pacific hagfish (Eptatretus stou-
tii). J Comp Physiol B. 2011; 181: 361–371. doi: 10.1007/s00360-010-0532-4 PMID: 21085970
67. Miyashita T, Palmer AR. Handed behavior in hagfish-an ancient vertebrate lineage-and a survey of lat-
eralized behaviors in other invertebrate chordates and elongate vertebrates. Biol Bull. 2014; 226:
111–120. PMID: 24797093
68. Fernholm B. Diurnal variations in the behaviour of the Hagfish Eptatretus burgeri. Mar. Biol. 1974; 27:
351–356. doi: 10.1007/bf00394371
69. Martini FH. The ecology of hagfishes. In: Jørgensen J.J., Lomholt J.P., Weber R.E., Malte H., (Eds.),
The Biology of Hagfishes. Springer Netherlands. 1998; pp. 57–77.
70. Zintzen V, Roberts CD, Anderson MJ, Steward AL, Struthers CD, Harvey ES. Hagfish predatory
behaviour and slime defense mechanism. Scientific Reports. 2011; 1: 131. doi: 10.1038/srep00131
PMID: 22355648
71. Zintzen V, Rogers KM, Roberts CD, Steward AL, Anderson MJ. Hagfish feeding habits along a gradi-
ent inferred from stable isotopes. Mar Ecol Prog Ser. 2013; 485: 223–234. doi: 10.3354/meps10341
72. Haselmair A, Stachowitsch A, Zuschin M, Riedel B. Behaviour and mortality of benthic crustaceans in
response to experimentally induced hypoxia and anoxia in situ. Mar Ecol Prog Ser. 2010; 414: 195–
208. doi: 10.3354/meps08657
73. Riedel B, Pados T, Pretterebner K, Schiemer L, Steckbauer A, Haselmair A, et al. Effect of hypoxia
and anoxia on invertebrate behaviour: ecological perspectives from species to community level. Bio-
geosciences 2014; 11: 1491–1518. doi: 10.5194/bg-11-1491-2014
74. Doya C, Aguzzi J, Chatzievangelou D, Costa C, Company JB, Tunnicliffe V. The seasonal use of
small-scale space by benthic species in a transiently hypoxic area. J Mar Syst. 2016; 154: 280–290.
doi: 10.1016/j.jmarsys.2015.09.005
75. Schimmel M. Emphasizing difficulties in the detection of rhythms with Lomb-Scargle periodograms.
Biol Rhythm Res. 2001; 32: 341–345. doi: 10.1076/brhm.32.3.341.1340 PMID: 11665689
76. Azzurro E, Aguzzi J, Maynou F, Chiesa JJ, Savini D. Diel rhythms in shallow Mediterranean rocky-reef
fishes: a chronobiological approach with the help of trained volunteers. J Mar Biol Ass UK. 2013; 93:
461–470. doi: 10.1017/s0025315412001166
Megafaunal Activity Patterns at a Cold-Seep Monitored with a Deep-Sea Crawler
PLOS ONE | DOI:10.1371/journal.pone.0163808 October 12, 2016 18 / 18
